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The cell-mediated immune profile induced by a recombinant DNA
vaccine was assessed in the simian/HIV (SHIV) and macaque model.
The vaccine strategy included coimmunization of a DNA-based
vaccine alone or in combination with an optimized plasmid encod-
ing macaque IL-15 (pmaclL-15). We observed strong induction of
vaccine-specific IFN-y-producing CD8* and CD4+ effector T cells in
the vaccination groups. Animals were subsequently challenged
with 89.6p. The vaccine groups were protected from ongoing
infection, and the IL-15 covaccinated group showed a more rapidly
controlled infection than the group treated with DNA vaccine
alone. Lymphocytes isolated from the group covaccinated with
pmaclL-15 had higher cellular proliferative responses than lympho-
cytes isolated from the macaques that received SHIV DNA alone.
Vaccine antigen activation of lymphocytes was also studied for a
series of immunological molecules. Although mRNA for IFN-y was
up-regulated after antigen stimulation, the inflammatory mole-
cules IL-8 and MMP-9 were down-regulated. These observed im-
mune profiles are potentially reflective of the ability of the differ-
ent groups to control SHIV replication. This study demonstrates
that an optimized IL-15 immune adjuvant delivered with a DNA
vaccine can impact the cellular immune profile in nonhuman
primates and lead to enhanced suppression of viral replication.

HIV vaccine | immune response | cytokine adjuvant | T cell immunity

C ellular immune responses play an important role in the control
of HIV-1 infection (1-6). Accordingly, vaccines that induce
HIV-specific cellular immunity are being pursued (7-25). The exact
nature of how the antigen-specific lymphocytes should be armed is
still unknown. In the primate simian/HIV (SHIV) and simian
immunodeficiency virus (SIV)-challenge models, induction of a
high level of CD8 T cell immunity is associated with reduced
viremia and protection of CD4 cells (19-25). A number of studies
in primates as well as HI'V-infected humans have indicated that
suppressed viral replication and long-term nonprogression are
associated with higher and more complex cellular immune re-
sponses. However, to date there has been only a limited under-
standing of the immune responses in vaccinated animals, which
maintain control of viral replication.

DNA vaccines are attractive candidates for vaccine development
because of their safety and relative ease of production (26-29).
Studies have experimented with engineering DNA vaccines to
include their own immune expansion signals (30-38). In mouse
studies, one of the most potent drivers of cytotoxic T lymphocyte
(CTL) immunity was IL-15 (35). IL-15 has more recently gained a
great deal of attention in both mouse and macaque models because
of its role in enhancing and prolonging antigen-specific CD8"
memory T cell survival. IL-15 was first identified by Waldmann and
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colleagues (39), and by Grabstein and associates (40) and is now
known to play an important role in stimulation, proliferation, and
survival of a memory CD8* T cells (41-47). Zhang and coworkers
(45) demonstrated in an in vivo mouse model that IL-15 provides
effective and discriminating stimulation of the memory phenotype,
CD44" CD8*, T cells. Ku ef al. (42) reported the division of
memory CD8* T cells is stimulated by IL-15. The effects of IL-15
on CD8™" T cells have led to the use of IL-15 with vaccines. Kutzler
et al. (35) found that IL-15 significantly enhanced the cytotoxic
response when a plasmid encoding IL-15 was coadministered with
an HIV-1 DNA vaccine and could improve protection in an
influenza mouse challenge model. Moore ef al. (46) further dem-
onstrated that IL-15 could expand the innate and adaptive immune
responses by coadministering the FL gene. Oh et al. (47) evaluated
vaccines expressing either IL-2 or IL-15 in combination with HI'V-1
gp160 antigen. Both cytokines enhanced long-lasting CD4 ™ cellular
immunity. However, IL-15 also supported long lasting CD8" T
cell-mediated immunity.

In this study we demonstrate that the cytokine vaccine adjuvant
pmaclL-15 induced a unique immunological profile in vivo that
significantly impacted subsequent viral challenge outcome. Inter-
estingly, the increase in IFN-y was not, by itself, an adequate
predictor of the vaccine’s ability to control viral challenge. Impor-
tantly, infection versus vaccination produced unique immune
phenotypes.

Results

IFN-y Response to SIV239 Gag After Immunization. Three groups of
macaques each were immunized by intramuscular injection (Table
1). We assessed the induction of an antigen-specific immune
response to SIV gag in all macaques by an IFN-y ELISA-linked
immunospot (ELISpot) assay. After one immunization, one of six
in the group that received pmaclL-15 (Fig. 1C) responded. After
the second immunization, there was an increase in SIVgag cellular
responses, three of six macaques responded in Group 2, which had
an average of 135 spot-forming cells (SFC) per 10° peripheral blood
mononuclear cells (PBMCs). An enhanced gag-specific immune
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Table 1. Immunization schedule

Immunization Group 1 Group 2 Group 3

Week 0 Control pSIVgag pSIVgag + pmaclL-15

Week 5 Control pSIVgag pSIVgag + pmaclL-15

Week 12 Control pSIVgag pSIVgag + pmaclL-15

Week 104 Control pSIVgag, pSIVpol, pHIVenv pSIVgag pSIVpol, pHIVenv, pmaclL-15
Week 108 Control pSIVgag, pSIVpol, pHIVenv pSIVgag pSIVpol, pHIVenv, pmaclL-15
Week 112 Control pSIVgag, pSIVpol, pHIVenv pSIVgag pSIVpol, pHIVenv, pmaclL-15

response in Group 3 was also observed; six of six macaques had an
average of 442 SFC/10° PBMC:s (Fig. 1C). After the third immu-
nization, there appeared to be further boosting in group 2, with little
effect in group 3 animals.

Macaques were immunized three times at weeks 104, 108, and
112 with the DNA vaccine that encoded SIV gag. In addition, at
these time points, SIVpol and HIV-lenv plasmids were incorpo-
rated. We continued to use the ELISpot assay to monitor the
number of SIVgag-specific IFN-y-secreting effector cells (Fig. 1).
At the time of the fourth injection, the average number of effector
cells in the group immunized with plasmid vaccine alone was 225
SFC per 10° PBMCs. Animals that were coinjected with pmacIL-15
generated 355 SFC per 109 PBMCs.

In a dramatic fashion, the rest period appeared to substantially
improve the vaccine-induced responses, by almost 10-fold. The
number of effector cells in Group 2 increased to 2,460 SFC per 10°
PBMC:s after injection 4. Group 3, which received a coinjection of
pmaclL-15, also had an increased number of effector cells (2,235
SFC per 10° PBMCs). After injections 5 and 6, the number of
effectors able to secrete IFN-y in groups 2 (2,389 SFC per 10°
PBMCs) and 3 (2,389 SFC per 10° PBMCs) did not increase
significantly. These data support that substantial immune matura-
tion and expansion of vaccine-induced T cells takes place during the
extended rest period.

We evaluated the contribution of CD8* and CD4™" T cells to the
observed population of cells secreting IFN-vy (Fig. 1D). One month
after final immunization, isolated PBMCs and PBMCs depleted of
CD8™* T cells were analyzed for the ability to secrete IFN-vy after
stimulation with the gag peptide. Depletion of CD8* T cells led to
the assessment of the number of CD4* T cells able to secrete IFN-vy.
The animals that were vaccinated with DNA vaccine alone dem-
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Fig. 1.

onstrated a total number of effector cells of 2,389 SFC per 10°
PBMCs with 1,057 CD4* SFC per 10° PBMCs. The animals that
were coimmunized with pmacIL-15 had a total of 2,808 SFC per 10°
PBMCs and 1,316 CD4* SFC per 10° PBMCs. Overall, the data
demonstrate that IFN-vy results were similar between the vaccine
groups at the time of viral challenge.

Control of Viral Replication. All animals were challenged with 300
monkey infectious doses (MID) SHIV89.6p by the iv. route 11
weeks after the final injection. The average viral loads in the control
group at week 2 after challenge or at the peak viral load was 7 logs
(Fig. 24). One macaque was killed at week 25, and three were killed
at week 60 because of AIDS-like symptoms. Animals that received
vaccine DNA alone controlled viral load by week 26 (Fig. 2B). All
animals in the group that received DNA vaccine with pmacIL-15
controlled viral load by week 12 (Fig. 2C). The peak viral loads of
group 2 was 5.6 logs. The viral loads for these animals was
significantly lower by week 10 when compared with the control
group (P = 0.020). The average peak viral load for animals that
received pmaclL-15 was 3.8 log, which was significantly lower than
the animals in the control group (P = 0.001). The viral loads in this
group remained significantly lower than the control group at all
time points (P < 0.05). In addition, the group of animals that
received DNA plus pmacIL-15 exhibited a significantly lower viral
load at weeks 2, 4, and 6 as compared with the group of animals that
received DNA alone (P < 0.05).

Lymph node biopsies were taken 57 weeks after challenge (Table
2.) The tissue samples demonstrated that, of the five animals that
remained alive in the control group, two had virus-positive axillary
and inguinal lymph nodes. Three of the six animals that received
SHIV DNA had either a positive axillary or inguinal lymph node.
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IFN-y-producing cells after the primary and secondary sets of immunization. Samples were taken 2 weeks after each injection and assessed for an SIVgag

antigen-specific response by ELISpot. (A-C) The number of cells able to secrete IFN-g after SIVgag in vitro stimulation of PBMCs isolated from naive macaques
(A) pCSIVgag (B), pCSIVgag, and pmaclL15 immunized macaques (C) is presented as SFC per 1 million PBMCs. (D) After the final immunization, we evaluated the
contribution of the CD8 T cells to the observed population of cells from macaques secreting IFN-y.
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Viral load after challenge of cynomologous macaques with 100 MID of SHIV89.6p. (A-C) Viral load is presented for control (A), SIV DNA (B), SIV DNA +

pmaclL15-immunized (C) macaques. The assay has a threshold sensitivity of 200 RNA copies per milliliter of plasma with interassay variations averaging 0.5 log10. (D)
The viral loads for the first 15 weeks for each individual macaque. Several animals were killed because of AIDS-like syndrome.

Only one of six animals in the group that received IL-15 was
demonstrated to be positive for virus in a single lymph node sample.

IFN-y-Producing Cells After Challenge. Samples were obtained 12
weeks after challenge and assessed for cells able to secrete IFN-y
after stimulation with SIVgag (Fig. 3). The cellular immune re-
sponses in the control group at no time point reached the same level
of responses generated in the vaccine groups (Fig. 3). However,
animal 3301, in the control group, was able to exhibit some control
of viral replication. This animal reached a level of 1,000 SFC per 10°
PBMCs. The group that was immunized with DNA vaccine alone
had a significantly higher level of IFN-y compared with the control
group (P < 0.05). Interestingly, the low secondary response of
animal 3311 resulted in the lack of a significant difference between
the control group and the animals that received DNA combined
with IL-15. We next sought to examine more markers to gain
additional insight into the basis for immune control by these
vaccines.

Proliferation of T Cells by DNA and IL-15 Coinjected Groups. Lym-
phocytes that are fully differentiated are capable of proliferating

Table 2. Viral replication in lymph nodes

Control DNA

DNA plus pmaclIL-15

Animal Ax Ing Animal Ax Ing Animal Ax Ing

3295 t t

3296 + - 3300 + -
3301 - - 3299 - + 3302 - -
3305 + + 3304 - + 3303 - -
3308 + + 3310 - - 3307 - -
3309 - - 3315 - - 3311 - -
3317 NT - 3316 - - 3312 NT -

t, terminated prior to biopsy; Ax, axilary lymph node; Ing, Inguinal lymph
node; +, positive; —, negative; NT, no tissue.
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after in vitro antigen stimulation. We investigated the ability of the
vaccine-specific CD8" and CD4" effector cells to proliferate an-
tigen stimulation. PBMCs were isolated from all macaques 2 weeks
after the final immunization. Cells were incubated with CFSE,
washed, and stimulated with SIVgag antigen for 5 days. The data
obtained demonstrated little proliferative capacity for the lympho-
cytes isolated from macaques immunized with DNA vaccine. The
proliferative responses were dramatically improved in pmacIL-15
coimmunized animal groups (Fig. 4). An average of 3% gag-specific
CD4" T cell and 8% of the CD8" cells were proliferating in the
pmaclL-15 covaccinated animals.

Inflammatory Panel of Cytokines. To further understand the immu-
nological profiles induced by these DNA vaccines, PBMCs taken
after the final vaccination were stimulated in vitro for 6-12 h with
SIVgag antigen. After in vitro stimulation, RNA was isolated. In
addition to our naive controls and the two vaccine groups, PBMCs
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Fig.3. IFN-y-producing cells after IV challenge with SHIV89.6p virus. Samples
were taken 12 weeks after challenge. PBMCs were isolated by a standard
Percoll separation technique and assessed for a gag antigen-specific response
by ELISpot. The data represent the number of cells able to secrete IFN-y after
SIVgag in vitro stimulation of PBMCs isolated from vaccine-naive macaques,
pCSIVgag-vaccinated, and pCSIVgag- and pmaclL15-immunized macaques.
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Fig.4. Tcellproliferative responsesto SIVgag. PBMCs were stained with CFSE
and stimulated with SIVgag peptides for 5 days. Standard surface staining
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from SIV-infected macaques were isolated and stimulated in vitro
in an analogous manner to the vaccine group (Fig. 5). Antigen-
specific expression levels of a number of genes were altered as a
result of SIV DNA vaccination. The genes for IFN-vy, STAT1 (Fig.
5A) are clearly up-regulated in PBMCs isolated from vaccinated
macaques and stimulated with STVgag. There was no expression of
IFN-v after antigen stimulation of PBMCs in the control group.
We further observed that MMP9 and IL-8 (Fig. 5B) were
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down-modulated in antigen-specific cells in the vaccine groups as
compared with naive cells. However, MMP-9 and IL-8 gene ex-
pression is high in SI'V-infected virally suppressed macaques when
the PBMCs were stimulated with SIVgag antigen. Furthermore,
IL-8 gene expression in PBMCs of infected macaques was higher
than PBMC:s isolated from naive macaques with SI'Vgag antigen.

Fig. 5C illustrates that although several genes do not vary
between naive and vaccinated animals, there is a clear increase in
specific immune-related gene expression in SIV-infected ma-
caques. Specifically, gene expression for IL-10, CD11b, NFkB,
IL-12, and IRF-1 are increased above background levels or those
observed in naive animals. NFkB and IRF-1 are particularly
interesting because HIV requires these transcription factors for its
efficient intracellular replication. Antigen-specific cells that are not
up-regulated in NF«B and IRF-1 expression may reduce the
number of target cells for HIV-1 replication. These data suggest
that an effective T cell vaccine should drive immune expansion in
a manner that does not provide activation signals needed for
efficient pathogen replication.

Discussion

In this study, we demonstrate significant protection against
SHIV89.6p replication and pathogenesis in macaques coimmu-
nized with SHIV DNA and a plasmid IL-15 adjuvant. Coimmuni-
zation with pmaclL-15 improved the ability to rapidly suppress viral
replication and quickly control the infection. The group that was
vaccinated with DNA alone also was able to control viral replica-
tion; however, the viral peak was several logs higher, and control of
viral replication in all animals took two times longer, week 25 as
compared with week 12 in the pIL-15 vaccine group. The
SHIV89.6p challenge model can lead to a rapid and dramatic loss
of CD4 lymphocytes as we observed in our control animals.
Therefore, this model does not adequately represent what is seen
in humans. Yet, despite this discrepancy, the model does allow us
to associate the level of a lentiviral viral suppression as well as
protection of CD4 lymphocytes with the observed immune re-
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Gene expression after SIV gag stimulation, quantitative RT-PCR. Five million PBMCs were taken from the macaques 4 weeks after the sixth and final

immunization stimulated in vitro with SIVgag peptides, and mRNA was extracted. Data are presented for effector function (IFN-g and STAT1) (4), inflammatory
response (MMP-9 and IL-8) (B), and to assess other immunological markers of T cell activation (C). Data presented are mRNA levels compared with control mRNA of

cyclophilin.
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sponse. Over the course of immunization, we noted that IL-15
plasmid adjuvant did not appear to dramatically increase the
magnitude of IFN-y-producing cells. However, the pIL-15 vaccine
animals did exhibit higher proliferative responses, with a higher
ratio of CD8* T cell proliferation compared with CD4" T cell
proliferation.

During the differentiation of effector T cells into memory T cells,
the proliferative potential in response to antigenic stimulation
increases substantially (48-50). The ability to vigorously proliferate
upon infection results in the generation of a large pool of secondary
effector T cells and is believed to be central to providing optimal
protective immunity. Oh et al. (51) proposed that IL-15 induced
CD8 cells with higher avidity and suggested that these cells ulti-
mately had higher levels of proliferation. In addition, Younes et al.
(52) demonstrated that HIV-1-specific CD8" T cells in acute
HIV-1 infection exhibit strong ex vivo proliferative capacities,
whereas this effector function is rapidly lost in the presence of
ongoing viral replication (52). Importantly, Kutzler et al. (35)
reported that IL-15 could drive CD4 independent maturation of
effector CD8 T cells.

We assessed a series of genes associated with a cellular immune
response. There was a measurable difference in only a small subset
of genes between cells isolated from control animals and vaccinated
animals. The level of IFN-y gene expression increased when cells
were stimulated with SIVgag peptides concurrently with increased
gene expression of STAT1, a signal transducer activated by IFN.
However, what was most interesting was the down-modulation for
genes encoding IL-8 and matrix metalloproteinase 9 (MMP-9), two
molecules associated with the proinflammatory state and the
establishment of chronic infection. IL-8 is a chemokine produced
during the inflammatory response to signal neutrophils. MMP-9
has also been associated with chronic inflammatory autoimmune
diseases (53-56). We observed a decreased level of MMP-9 gene
expression when cells from vaccinated macaques were stimulated
with antigen as compared with naive animals stimulated with
SIVgag antigen. Inflammatory molecules do not appear to be
associated with a vaccine response that efficiently controlled this
infection challenge.

This study demonstrates that DNA vaccination plus
pmaclL-15 can contribute to enhanced immune profiles and
ultimately control SHIVS89.6P challenge. The mechanism of
control of viral replication has not completely been elucidated.
Although it is likely that the number of effector cells able to
secrete IFN-v is most likely not the sole correlate of protection,
the use of ELISpot analysis gives us the ability to make some
comparison between studies where vaccinated macaques have
demonstrated lower viral peaks and delayed viral replication
after SHIV challenge. A study by Chong et al., (57) with DNA
vaccines and IL-15/IL-12 adjuvants demonstrated that macaques
immunized with SIVgag alone and challenged with 300 MID of
SHIV89.6p had partial suppression of viral replication. The
monkeys achieved a level of 1,000-5,000 IFN-vy-secreting cells.
Many of the responses dropped to 50% by 4 weeks after the final
injection, but the best controllers had the higher numbers of
IFN-y-producing cells. McKenna et al. (58), using an attenuated
rabies vector that expressed HI Venv and SI'Vgag, induced a level
of IFN-y-secreting effector cells of 120-300 SFC per 10° PB-
MCs. Viral replication after challenge of 50 MID of SHIV89.6p
was suppressed 3 logs. Demberg et al. (59), using adenovirus,
observed higher levels (1,000-2,500) IFN-vy-secreting cells. And,
when challenged with 30 MID of SHIVS89.6P, viral loads were
significantly lower than controls at set point, but complete
control was not obtained. Studies by Thorner et al. (60) are using
heterologous adenovirus immunizations to further increase the
level of cellular immune responses. Finally, Robinson et al. (61)
have incorporated GM-CSF into their DNA/MVA vaccine reg-
imen. The GM-CSF enhanced antibodies to SHIV89.6p, but
complete viral suppression was not observed.

18652 | www.pnas.org/cgi/doi/10.1073/pnas.0709198104

Our data obtained from CFSE proliferation study demonstrated
an average of 3% gag-specific CD4" T cells, and 8% of the CD8"
cells were proliferating in the pmaclL-15 covaccinated animals. A
higher proliferative capacity is indicative of higher precursor fre-
quency. Further examination of such defined and adjuvanted DNA
vaccines in challenge settings appear to be a useful tool for probing
correlates of pathogen immunity and may provide interesting
immune phenotypes for clinical study.

Materials and Methods

Animals. Macaques were housed at the Southern Research Institute
(SRI) in Frederick, MD. These facilities are accredited by the
American Association for the Accreditation of Laboratory Animal
Care International and meet National Institutes of Health stan-
dards as set forth in the Guidelines for Care and Use of Laboratory
Animals. The University of Pennsylvania Institutional Animal Care
and Use Committee (IACUC) reviewed and approved all proce-
dures carried out by SRI.

DNA Plasmids. The pCSI'Vgag plasmid expresses a 37-kDa fragment
of the SIV core protein. This rev-independent expression vector
and pCSIVpol and pCHIVenv have been optimized for high-level
expression as described (62). Macaque IL-15 was cloned and
expression analysis completed (sequence from GenBank, accession
number U19843) as described by Kutzler (M.A.K., unpublished
work).

Immunization Schedule and Sample Collection. Plasmids were man-
ufactured and purified by Puresyn (Malvern, PA) and formulated
in 0.15 M citrate solution and 0.25% bupivicaine at a pH of 6.5. The
immunization schedule is outlined in Table 1. Groups of six
cynomologous macaques were immunized three times intramuscu-
larly with buffer, 2 mg of pSIVgag DNA, or 2 mg of pSI'Vgag DNA
coinjected with 2 mg of pmaclL-15. The macaques were then rested
84 weeks before performing the second set of immunizations. The
second series of immunizations included an increase in dose to 3 mg
of pCSIVgag and pmaclL-15 and incorporated 3 mg of pSIVpol
and pHIVenv.

Peptides. Peptides corresponding to the entire coding region of
SI'Vmac239 gag protein were obtained from the AIDS Reagent
Reference Repository (National Institutes of Health). These 15
oligomers overlapping by 11 aa were resuspended in DMSO at a
final concentration of ~100 mg/ml and mixed as pools for ELISpot
analysis.

Ifn-y ELISpot Assay. EliSpot using IFN-vy reagents purchased from
MabTech (Nacka Strand, Sweden) and nitrocellulose plates from
Millipore (Billerica, MA) as performed previously (63). A positive
response is defined as >50 SFC per 1 million PBMCs and two times
above background. A second set of PBMCs was depleted of CD8™*
lymphocytes with «-CD8 depletion beads according to the manu-
facturer’s protocol (Dynal, Carlsbad, CA) before plating cells in
triplicate with peptides.

CFSE Staining for T Cell Proliferation. PBMCs were incubated with
CFSE (5 uM) and incubated for 8 min at 37°C. The cells were
washed and incubated with antigens (SIVp27/gag peptide mix)
at a concentration of 5 ug/ml for Sdays at 37°C in 96-well plates.
Cultures without gag peptide was used to determine the back-
ground proliferative response. Standard surface-staining proto-
col was followed for CD4* cells by using a-human CD4-PE
(BD-Pharmingen, San Diego, CA) monoclonal antibody. The
frequency of CD4* T cells was determined by gating on CD4*
T cells. The data were analyzed by using the FlowJo program
(Ashland, OR).

Gene Expression Analysis. Five million PBMCs were stimulated for

6-12 h. PBMCs from infected macaques served as reference
samples. The infected animals were treated with ART to suppress
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active viral replication, thus reducing viral pathogenesis. mRNA
was isolated by using the RNA-BEE RNA isolation kit (TEL-
TEST, Friendswood, TX).The gene-expression patterns of multiple
genes were monitored with the VEM-XP multiplex assay (Althea
Technologies, Inc., San Diego, CA) and the GenomeLab GeXP
Analysis System Multiplex RT-PCR assay (Beckman, Fullerton,
CA). For each reaction, 3 ul of RNA were mixed with 1.5 ul of 10X
DNase buffer (Ambion, Austin, TX) as described earlier (64).

Infection. Primates were challenged with 300 MID by the i.v. route
with SHIV89.6P (kindly provided by Norman Letvin, Harvard
University, Cambridge, MA) 11 weeks after the final boost,

SHIV Viral RNA Quantitation. SHIV viral RNA was quantitated by
using a procedure described by Silvera et al. (65). The assay has a
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threshold sensitivity of 200 RNA copies per milliliter of plasma with
interassay variations averaging 0.5 logo.

Lymph Node Biopsies and in Situ Hybridization. Formalin-fixed,
paraffin-embedded lymph node biopsies were stained for SIV RNA
by using a method previously described by Hirsch et al. (66). The
sections were reacted with NBT/BCIP (Vector Laboratories, Orton
Southgate, U.K.) for 10 h, rinsed with distilled water, counter-
stained with nuclear fast red (Sigma, St. Louis, MO), and examined
with a Zeiss Z1 microscope (Thornwood, NY).
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